Tyrosine kinases are thought to play a major role in the control of cell growth and differentiation. Most of the work on the phosphorylated product was performed, however, on isolated proteins or cultured cell lines. To assess the overall involvement of tyrosine phosphorylation in vivo, a monodonal antibody (MAb) against phosphotyrosine was applied to conventional histological sections of various tissues. With the immunoperoxidase staining method, two unique patterns of intraellular distribution of phosphotyrosine were identified among a large variety of normal tissues. (a) In many of the epithelia examined, a peripheral Smining was observed, either at the apical aspect alone or at the entire contact region between neighboring cells. This pattern of staining seems to coincide with the distribution of a subset of cyto-skeletal elements and requires pre-treatment with proteinase K. (b) In most steroidogenic tissues examined, vesicular cytoplasmic staining was evident, which seems to represent steroid-containing granules. In this case, proteolytic pretreatment is not essential and can be harmful. An extensive survey of human ovarian carcinoma biopsies failed to reveal any consistent staining pattern. These fiidings might indicate the involvement of tyrosine phosphorylation in basic cellular activities such as the assembly of the specialized cytoskeletal components. (]Hisrochem Cytochem 41:513-519, 1993) Tissues freshly obtained from Fisher rats, C57BLmice. or human neoplasms were fixed in 4% buffered formaldehyde for 1 week, embedded in paraffin, and sectioned at 5 km.
Introduction
Protein tyrosine kinases are thought to play a role in the control of cell growth and differentiation (1J). This notion is based on the observation that some transforming retrovirus oncogenes are homologous to cellular genes that encode tyrosine kinases as well as some growth factor receptors that display tyrosine kinase activity (3,4). In the last few years, many protein tyrosine kinases have been discovered. The majority of these tyrosine kinases are characterized through studies of specific proteins, such as cell surface receptors, that were isolated from actively dividing cells, usually grown in tissue culture, and shown to phosphorylate a tyrosine residue on a defined substrate (1-4). In addition, a detailed immunocytochemistry study was carried out, using polyclonal anti-phosphotyrosine antibodies. This study revealed pronounced labeling of peripheral cytoskeletal elements in selected cells in tissue culture ( 5 ) . Similar results were obtained recently with an anti-phosphotyrosine monoclonal antibody (MAb) (6) . Nevertheless, there is little information concerning the overall regulatory or structural role of phosphorylation of tyrosine residues in normal tissues.
Because the phosphotyrosine epitope is retained during the process of histological section preparation, we applied immunohistochemical methods to identify patterns of phosphotyrosine residue distribution in a wide range of tissues. Various normal tissues were examined in situ for the presence of phosphorylation of proteins, using an anti-phosphotyrosine MAb. Two distinct phosphorylation patterns emerged from this survey: (a) cytoskeletal elements in a variety of epithelial cells, and (b) cytoplasmic granules in steroidogenic cells.
Immunohistochemistry. The sections were deparaffinized in xylene, hydrated in ethanolic solutions according to usual laboratory protocol, and treated with 3 % aqueous hydrogen peroxide for endogenous peroxidase ablation.
When there was a need to expose the antigens, pre-treatment with proteinase K (Sigma; St Louis, MO) was carried out. The sections were incubated with proteinase K 20 pglml in 10 mM Tris-HC1, pH 7.5, for 15 min at room temperature, and then washed thoroughly. A solution of 2 % human serum albumin in PBS was applied to the sections to block nonspecific binding.
Detection of phosphotyrosine products was performed with mouse MAb FT-66, produced by BioMakor (Rehovot, Israel). The MAb was used at a dilution of 1:50 in PBS, which gave optimal staining. All dilutions were carried out in PBS. After 1 hr at 37°C. the sections were washed in PBS and subsequently incubated for 30 min at 37'C with biotinylated rabbit anti-mouse IgG (1:20 dilution) (BioMakor).
After washing in PBS, the sections were incubated with ExtrAvidinconjugated horseradish peroxidase (1:20 dilution) (BioMakor) for 30 min at 37'C. Peroxidase was visualized with 3-amino-9-ethylcarbazole (AEC) combined with 0.06% hydrogen peroxide solution in 0.05 M Na-acetate buffer. pH 5.5 (EXTRA-2 kit; BioMakor). Tissues were counterstained with Harris' hematoxylin (Sigma).
In parallel, sections in which the primary antibody or ExtrAvidin-peroxidase was omitted served as negative controls. Specificity was established by demonstrating the loss of immunoreactivity in matched tissue sections after a competition with the free hapten 40 mM phosphotyrosine or 40 mM phenylphosphate (Sigma).
Results
An MAb directed against phosphotyrosine residues (PT-66) was derived from Balbk mice immunized with phosphotyrosine-BSA conjugate. The antibody reacts specifically with phosphorylated tyrosine, both as free amino acid or conjugated to carrier proteins such as KLH or BSA, tested by ELISA. There is no reactivity with phosphoserine, phosphothreonine, non-phosphorylated amino acids, including serine or threonine, or phosphorylated molecules such as AMP and ATP. Antibody binding is totally inhibited by an excess of free phosphotyrosine or phenylphosphate. No inhibition is observed with the non-reactive phosphorylated compounds listed above. Immunoprecipitation with MAb PT-66 has been successfully used to specifically select proteins phosphorylated at their tyrosine residues ( 7 ) . Anti-phosphotyrosine monoclonal antibodies are also used in immunoblotting (6) and immunofluorescent labeling of tyrosine-phosphorylated proteins.
In general, MAb PT-66 exhibits two distinct patterns of immunoreactivity in situ: staining of cytoskeletal elements in epithelia and staining of cytoplasmic granules in steroidogenic cells.
Phosphotyrosine Expression in Epithelial Tissues
Antibodies against phosphotyrosine residues react with a spectrum of several epithelial tissues in a very characteristic manner. (a) Pretreatment with proteinase K was required to expose the epitope in most epithelial tissues that were screened, which suggests that phosphotyrosine residues in epithelial tissues are intimately associated with nearby proteins. (b) The immunostaining delineates a typical cytoskeletal frame. The apical surface was stained extensively, whereas there was inconsistent, much weaker staining in the basal side of the cell. (c) In many epithelial tissues, the staining also appeared along the border of the cells in the cell-cell contact region. This distinct pattern of immunostaining was observed in the following epithelial tissues.
Reproductive System. The endometrial epithelium lining the uterus, both in rat and mouse, reacted with the anti-phosphotyrosine MAb in a characteristic manner, as shown in Figure 1A . The apical surface of the cells was intensively stained, contact regions along adjacent cells were finely demarcated, and staining at the basal surface was less pronounced. This pattern of staining was achieved after pre-treatment with proteinase K. A section that was stained in parallel without proteinase K treatment was not stained in the epithelium (data not shown). A similar pattern of staining was observed in the Fallopian tube.
Rete Testis. As shown in Figure lB , this represents the intratesticular genital ducts of the male reproductive system. As can be seen, the rat rete testis was stained according to the same pattern observed in the epithelia lining the female reproductive system, with marked labeling at the region of the terminal web. In addition, the germinative epithelium forming the basal layer of seminiferous tubules was similarly stained (not shown). In both cases, pre-treatment with proteinase K was essential.
Digestive System and Associated Glands. On application of antiphosphotyrosine MAb to the small intestine after proteinase K treatment, the epithelial cells in the crypt region but not in the villus displayed a specific staining pattern ( Figure IC) . The apical surface facing the lumen was strongly stained, whereas there was no staining in the basal surface. A similar pattern was observed in the colon (Figure 1E) .
The gallbladder epithelium, depicted in Figure ID , demonstrated a differential staining: the basal glandular cells were extensively stained only in their apex, whereas the cells of the villi were distinctively stained along their contact lines with neighboring cells.
Exocrine Pancreas. After pre-treatment with proteinase K to expose the antigens, the cell surface of the cells towards the acinar lumen reacted with the antibodies against phosphotyrosine in a manner similar to that observed in the small intestine crypt, although less intensely (data not shown).
Other Tissues. In the stratified epithelium of the epidermis, as exemplified in the tongue ( Figure IF) , the stratum spinosum was stained along the contact region between neighboring cells. This staining may coincide with bundles of tonofibrils associated with desmosomes. K was applied. This observation is an exception to all other epithelial tissues examined.
The characteristic staining described above was not seen in the following tissues, even after pre-treatment with proteinase K: lactating breast tissue sections; liver; thymus; lung; brain (except the ependyma); and non-epithelial cells of the ovary and Fallopian tube. In the kidney, only the squamous epithelium lining the Bowman's capsule was stained, but owing to its flat shape it was impossible to identify an intracellular pattern. No distinct staining was observed in the urinary bladder.
Phosphotyrosine Residues in Steroidogenic Cells
Tissues active in steroid synthesis were uniquely stained after the reaction with antibodies against phosphotyrosine, without pretreatment with proteinase K. Cytoplasmic granules were intensely stained in defined cell populations known to be steroidogenic. The same pattern of labeling was observed whether the immunostaining was applied to paraffin or frozen sections. Moreover, in these cases, proteinase K treatment before the staining destroyed the activity, probably because of degradative release of the phosphotyrosine residues.
Ovary. Staining of steroidogenic cells of the ovary in rat or mouse could be readily distinguished. After an injection of pregnant mare serum gonadotropin and human chorionic gonadotropin (hCG), ovaries at various stages of ovulation were screened. A characteristic staining of cytoplasmic granules was observed in theca cells and interstitial cells (Figures 2A and 2B) . These cells are commonly active in androgen synthesis (8) . Granulosa estrogenic cells did not show any staining throughout the cycle. At a later stage, after hCG injection, the stained granules appeared in the interstitial cells, followed 3 days later by staining in the corpus luteum (not shown).
Adrenal. The adrenal cortex of adult mouse, after reacting with the antibodies, demonstrated staining in the cytoplasmic granules especially in the zona fasiculata. Zona reticularis cells were clearly stained but to a lesser extent. Almost no staining was observed in the zona glomerulosa ( Figure 2C ). In contrast, the entire adrenal medulla was completely negative for this histochemical staining.
Tatis. In this organ a dynamic pattern of staining was observed, apart from what was described above. At the periphery of some seminiferous tubules, a single layer of cells demonstrated cytoplasmic staining of few large granules ( Figure 2D ). According to their location and distribution, they seem to represent Sertoli cells. In addition, strong focal staining of late spermatids was observed in other tubules ( Figure 2E ). Interestingly, these patterns of staining (Sertoli cells and late spermatids) are mutually exclusive ( Figures  2D and 2E) . In contrast, there was no indication of positive reaction of Leydig ceh with the anti-phosphotyrosine MAb ( Figure 2D) . In yet another system, when smooth endoplasmic reticulum proliferation was induced in the liver of 3-month-old mice by phenobarbital treatment (9) , there was no specific staining with anti-phosphotyrosine MAb, similar to the findings in untreated control hepatocytes.
Ovarian Carcinoma. Carcinoma of the ovary is a leading cause of cancer death in women (10) . Most ovarian cancers are of the common epithelial type. Sections from 12 different human ovarian carcinomas, including mucinous and serous carcinoma, were screened for the appearance of phosphotyrosine residues in the tumor. Only occasional patches of tumor cells were stained by this immunohistochemical method in a minority of the preparations, even when pre-treatment with proteinase K was carried out. Moreover, there was neither a unique pattern of staining nor a correlation between the degree of staining and malignancy of the tumor. Samples of dysgerminoma and mucinous cystadenoma, which were used as benign controls, were not stained by the anti-phosphotyrosine MAb.
Discussion
Tyrosine phosphorylation of proteins is a widespread mechanism for the control and coordination of various cell activities in eukaryotes (1) (2) (3) (4) . On the basis of tissue culture studies, it is usually assumed that the amounts of phosphorylated tyrosines in normal tissues are relatively low (11, 12) . However, phosphorylation of tyrosine residues in many cell proteins increases after various induction processes, owing to activation of phosphotyrosine kinases. Many membrane receptors for growth factors and polypeptide hormones, such as EGF, PDGF, insulin, and insulin-like growth factor, contain tyrosine kinase domains and become phosphorylated on tyrosine residues after activation by their ligand (1-3) . Moreover, specific phosphotyrosine kinases have been described in many retroviral oncogene proteins, and cells transformed by these oncogenes contain elevated levels of phosphotyrosine. In addition, cytoskeletal elements associated with the plasma membrane contain tyrosine kinase activity or serve as their substrates ( 5 ) .
To obtain an overall view regarding the involvement of tyrosine phosphorylation in vivo in the adult, we initiated an extensive screening of normal as well as selected malignant tissues. The probe in this survey was an MAb that reacts specifically with proteins containing tyrosine phosphate but not serine or threonine phosphate (7). In addition, the binding of this MAb can be blocked by an excess of phenyl phosphate or free tyrosine phosphate. In principle, the epitope of tyrosine phosphate should be refractory to tissue fixation by formaldehyde and to processing by paraffin embedding. Therefore, if not hindered, it should be readily detected in histopathological sections prepared by routine methods. Indeed, our ability to demonstrate a consistent pattern of in situ staining with an anti-phosphotyrosine MAb points to the advantages of this reagent as a useful, informative tool.
In terms of sensitivity and specificity, it should be assumed that this method depicts mainly a stable abundance of tyrosine phos- Two outstanding patterns of intracellular staining emerge from this study: peripheral elements in epithelial tissues and cytoplasmic granules in steroidogenic cells. In both cases there are also exceptions to the rule, and the reason for this is not clear at present. One exception is nevertheless noteworthy: despite reports on the association of tyrosine kinase-activating growth factors with human ovarian carcinoma (13) . out of a dozen such cases tested only two showed inconsistent cytoplasmic staining within a few clusters of cells.
Although anti-phosphotyrosine antibodies have been previously applied to cell cultures (5, 6) and chick embryos (14) , it is impossible to deduce from these studies the expected pattem of tissue distribution of tyrosine phosphate residues in the adult. For example, adherens-type junctions were identified as a major subcellular target for tyrosine-specific phosphorylation. However, the enhancement of their tyrosine phosphorylation led to a dissociation of these intercellular junctions (6) . In chick embryos, for which a polyclonal antibody was used, the pattern of staining along the basolateral membranes of epithelial cells was very similar to our results. However, the corresponding adult tissues were devoid of labeling (14) . These findings raise the possibility that the staining in the embryo is associated with fast growth of tissues and is restricted to this stage of development. On the other hand, our data suggest that the absence of staining might be a consequence of steric hindrance that can be removed by proteolytic treatment. With all inherent limitations of such a methodology that detects a composite of phosphotyrosine-modified proteins, a review of the literature supports the notion that cell-cell and cell-substrate junctions are mainly stained, implying an involvement in the dynamics of the cytoskeletal network (5, 6, 14) . The present work, therefore, seems to extend these original observations and to demonstrate their general application to a wide variety of adult tissues. Our results regarding the small intestine ( Figure IC) are also compatible with another study on fractionated segments of the intestinal epithelium, in which much higher levels of phosphotyrosine-containing proteins were detected in the crypt as compared with the midfraction and villous tip (15) . In particular, two cytoskeleton-associated polypeptides were identified as the predominant substrate (15). Using the MAb on tissue sections, we observed that the staining was exclusively confined to the epithelium lining the crypt. Although the proliferating compartment of the intestinal epithelium resides in the crypt, the detailed staining pattern does not suggest a direct involvement of blood-bome growth factors, since phosphotyrosine staining is mainly located at the apical aspect of the cells and is absent from the basal region ( Figures 1C and 1E ).
As pointed out above, most of the epithelial staining depends on pre-treatment with proteinase K. This prerequisite might be related to the way the tissues were processed. Such a possibility is, however, less likely, since the staining of steroidogenic cells did not require proteolytic treatment. Alternatively, proteinase K might be essential because it exposes phosphotyrosine residues that are otherwise buried. Combined with the possible association of the staining with cytoskeletal elements, one might speculate that phosphotyrosine residues are intimately involved in the construction of the cytoskeletal network.
The other consistent pattern of staining with the anti-phosphotyrosine MAb was observed in steroidogenic tissues, which include interstitial and theca cells in the ovary, the adrenal cortex, and presumptive Sertoli cells in the testis. At a higher magnification (Figure 2B) , this staining appears to label cytoplasmic granules that contain steroid hormones in the corresponding cells. Albeit novel, this finding should not be considered totally surprising. In general, secretory granules should be distinctly tagged at their outer surface to ensure their proper destination. The involvement of external tyrosine phosphorylation in the control of intracellular trafficking of organelles has already been demonstrated with regard to the endocytotic pathway (1, 16) .
Even more relevant to our observation is the recent work of Bauskin et al. (17) on Itk. This new member of the membranebound tyrosine kinases is confined to the intracellular compartment of the endoplasmic reticulum. This unique tyrosine kinase is activated via oxidation of its sulfhydryl groups. In other words, a change in the intravesicular oxidation-reduction state might bring about extravesicular tyrosine phosphorylation. One can readily see how such a mechanism can form a link between steroidogenesis and intracellular trafficking of the mature hormone-containing vesicles.
In conclusion, the application of an anti-phosphotyrosine MAb, in combination with conventional immunohistochemical staining techniques, can specifically identify patterns of phosphotyrosine distribution in normal tissues. Unique patterns are shared by tissues of similar function and do not seem to be related to cell proliferation. These observations might open the way for the exploitation of this tool in further histopathological studies.
